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UV irradiation of oligodeoxynucleotides at 254 nm generates several different types of DNA
photoproducts, including cis–syn cyclobutane pyrimidine dimers, pyrimidine[6-4] pyrimidone
photoproducts and their Dewar valence isomers, and thymine–adenine photoproducts (TA*).
Studies of photoproducts in oligodeoxynucleotides require the development of suitable structure
determination methods such as mass spectrometry. In an earlier study (Vollmer et al. Int. J.
Mass Spectrom. Ion Processes 1997, 165/166, 487–496), we showed that fast atom bombardment
and tandem sector mass spectrometry can be used to locate the site of photomodification and
identify most of the photoproducts of d(TATTAT). One goal of the present research was to
expand the method to the more sensitive electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) methods. A second goal was to test the generality of the
methods by investigating not only the photoproducts of d(TATTAT) but also those of three
other oligodeoxynucleotides, d(GTATTAT), d(GGCTATAA), and d(AATTAA). The photo-
products of these sequences were separated by HPLC and gave characteristic fragment ions in
postsource decompositions of MALDI-produced ions and collisionally activated decomposi-
tions of ESI-produced ions. (J Am Soc Mass Spectrom 1999, 10, 329–338) © 1999 American
Society for Mass Spectrometry
UV irradiation of DNA generates photoproductsin which adjacent nucleobases are covalentlylinked together [1]. These DNA photoproducts
(shown in Figure 1 for a TT and TA site) are the cis–syn
cyclobutane pyrimidine dimer, the pyrimidine(6-
4)pyrimidone product and its Dewar valence isomer,
and the thymine–adenine photoproducts (TA*), which
all have been implicated in cell lethality, mutagenesis,
and carcinogenesis [2, 3]. The most abundant photo-
product generated in DNA is the cis–syn cyclobutane
dimer, which also has the greatest biological activity.
Although our long-range goal is to determine the struc-
ture of photoadducts generated in vivo or in vitro, a
more immediate goal is to characterize photomodified
oligodeoxynucleotides prepared by chemical synthesis
and used in model studies of the effects of photodam-
age on DNA replication and repair [4]. Requirements of
a successful structure characterization method for UV-
modified oligodeoxynucleotides are to provide infor-
mation about the type and site of modifications in
oligonucleotide sequences. Furthermore, if successful,
the distinctive fragmentation pathways should be iden-
tified and mechanisms proposed so that there is a
foundation for discovering new DNA photoadducts.
The first mass spectrometric studies of oligode-
oxynucleotides [5, 6] were done by using fast atom
bombardment (FAB) [7] or plasma desorption (PD) [8].
The invention of matrix-assisted laser desorption/ion-
ization (MALDI) and electrospray ionization (ESI)
makes the routine structure characterization of pico-
mole quantities of oligodeoxynucleotides possible
when using tandem mass spectrometry. Unmodified
oligodeoxynucleotides have been characterized by ESI-
Fourier transform mass spectrometry (FTMS) [9], elec-
trospray ion-trap mass spectrometry [10, 11] and elec-
trospray triple-quadruple mass spectrometry [12].
Modified oligodeoxynucleotides have been character-
ized by MALDI-FTMS for modified adenine and gua-
nine in oligodeoxynucleotides that are 4-, 6-, and 11-
mers [13], and by ESI-tandem mass spectrometry for
aflatoxin B1-guanine adducts [14], for hedamycin-DNA
adducts [15], and for methylated cytosine and adenine
in DNA hexamers [16].
Early mass spectrometry investigations of DNA pho-
toadducts showed that the base portions of different
pyrimidine photoadducts give characteristic fragmen-
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tation patterns in EI mass spectrometry [17]. This work
was expanded some years later by the application of
laser desorption FTMS [18] and ESI-ion trap mass
spectrometry [19] to the cis–syn cyclobutane pyrimidine
dimers. Various photoproducts of a dinucleotide mono-
phosphate [d(TpT)] were studied by FAB and plasma
desorption [2], in which a characteristic fragment cor-
responding to the loss of the sugar moiety of the 39-T of
the photoproduct was observed. Recently, we found that
four DNA photoproducts of the hexamer d(TATTAT)
can be desorbed by MALDI or FAB, and the FAB-
produced ions can be activated to give distinct product-
ion spectra. The spectra were consistent with structures
and sufficient for locating the sites of modifications, and
in some cases for distinguishing photoproduct structure
[20]. Unfortunately, wn or dn and [an 2 base] or [zn 2
base] ions could not be distinguished in the previous
study, owing to the symmetry of the sequence.
Here we report the application of more sensitive
MALDI/time-of-flight (TOF) mass spectrometry with
post-source decomposition (PSD) capability and ESI/
ion-trap mass spectrometry to four different photodam-
aged sequences to extend the method developed in the
previous study [20]. The hexamer d(TATTAT) was
chosen because it was the subject for the previous study
[20] and is a link between the high-energy collisionally
activated decomposition (CAD) and the low-energy CAD
done here. The heptamer d(GTATTAT) was chosen
because the additional guanosine serves to break the
symmetry and allows us to identify unambiguously the
types of fragmentations. To test whether the fragmen-
tations pertain to other systems, d(GGCTATAA) and
d(AATTAA) were selected. Furthermore, d(GGCTATAA)
was chosen because it is part of a TATA box sequence,
which is important in transcription. We ask whether
MALDI-PSD and ESI-tandem mass spectrometry can be
used to determine the site and type of photomodifica-
tions in oligodeoxynucleotides containing six to eight
bases.
Experimental
Oligodeoxynucleotides
The oligodeoxynucleotides in this study were obtained
from Integrated DNA Technologies (Coralville, IA) and
used without further purification. Oligodeoxynucleo-
tides were dissolved in H2O, dispersed in petri dishes
with a limited exposure area such that the absorbance of
the solution was approximately 0.3 (50% transmission).
The samples were put in N2-filled ziplock bags, placed
on ice, and irradiated with 254-nm light for 2 h. The
photoproducts were purified by semipreparative, re-
verse-phase, high-performance liquid chromatography
(HPLC) using a 40-min, 6%–12% linear gradient of
acetonitrile in aqueous 50 mM triethylammonium ace-
tate buffer (pH 5 6.8). A Dynamax C-18 column (5-mm
particle size, 10 mm i.d., 250 mm length) was used, and
the flow rate was 2–2.5 mL/min. A UV detector set at
254 nm was used to monitor the eluates. The structures
of the purified photoproducts were verified by 1D
1H-NMR on a Varian XR-500 (Palo Alto, CA) instru-
ment.
In the previous study [20], 25% and 50% of the ion
current in the molecular ion region was for the hydrated
product for d(TATT[ ]AT) and d(T[ ]ATTAT), respec-
tively, which resulted from long-term storage of the
samples. In this study, care was undertaken to prevent
the decomposition and hydrolysis of the photoprod-
ucts. Samples were always put on ice during purifica-
tion and were stored in a 220 °C freezer after purifica-
tion. The hydrated product was rarely detectable for the
TA* products used in this study.
MALDI-TOF
The MALDI-TOF experiments were carried out on a
Voyager DE-RP (Perseptive Biosystems, Framingham,
MA). A mixture of 2,4,6-trihydroxyacetophenone (Sig-
ma, St. Louis, MO), 2,3,4-trihydroxyacetophenone (Sig-
ma, St. Louis, MO), and ammonium citrate (2:1:2 molar
ratio, the concentration of 2,4,6-trihydroxyacetophe-
none was 0.05 M) was used as the matrix [21]. Samples
were dissolved in H2O or 50% acetonitrile in H2O at a
concentration of 10 pmol/mL. A 0.5-mL sample aliquot
and 0.5 mL of the matrix solution were mixed on a
stainless steel plate. Both negative and positive ions
were desorbed with a N2 laser (337 nm) and accelerated
with a potential of 25 kV. The data were collected with
a Tektronics TDS 520A digitizing oscilloscope (Tektron-
ics, Beaverton, OR), transferred to the computer, and
processed with Perseptive Grams/386, Version 3.04
(Perseptive Biosystems, Framingham, MA) software.
Most PSD experiments were done in the delayed-
Figure 1. Structures of the base portion of the photoproducts
involved in this study and the nomenclature for an and wN2n ions
(N 5 the number of bases in the oligodeoxynucleotide sequence;
thymine at the 59 side is the nth base in the sequence).
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extraction mode with a delay time of 100 ns. The PSD
spectra were obtained by increasing the laser power, the
grid voltage was set at 75% of the acceleration potential.
Stepped mirror ratios at 0.90, 0.75, 0.60, and 0.45 were
used, and the segments were combined to generate a
full PSD mass spectrum. The spectra from approxi-
mately 20 and 80 laser shots were signal averaged for
MALDI and MALDI-PSD spectra, respectively.
Electrospray Mass Spectrometry on an Ion
Trap Instrument
ESI experiments were done on an LCQ ion trap mass
spectrometer (Finnigan, San Jose, CA). Oligode-
oxynucleotides were dissolved in a solution of 50%
acetonitrile in H2O to give a concentration of 10 pmol/
mL. A solution of 50% of acetonitrile in H2O was also
used as the carrier solvent for electrospray. A 5-mL
aliquot of the sample solution was injected for each run.
The spray voltage was 4.6 kV, and the capillary tem-
perature was maintained at 200 °C. Tandem mass spec-
trometry was done by selecting the protonated, [M 1
H]1 or [M 1 2H]21, or deprotonated, [M 2 H]2 or
[M 2 2H]22, molecules for collisional activation; the
mass width for precursor selection was set at 3 m/z
units, and the collision gas was helium. The resonance
excitation voltage for all experiments was approxi-
mately 33% of the maximum available voltage, which
was 5 V peak-to-peak. The q value for activation was
0.25 and the activation time was 30 ms for tandem mass
spectrometry. The product ions were allowed to cool for
at least 2 ms before the detection period. For the
hexamers, this level of activation caused the precursor
ion to fragment so extensively that it was not detected.
For the larger oligomers, the precursor ions could still
be observed, however. Each spectrum was an average
of 18–36 scans, and the time for each scan was 1000 ms.
Results and Discussion
d(TATTAT) and its Four Photoproducts
In the previous study [20], high energy CAD spectra of
FAB-produced [M 1 H]1 ions were obtained for d(TAT
TAT) and four of its photoproducts, d(TAT[c,s]TAT),
d(TAT[6-4]TAT), d(T[ ]ATTAT), and d(TATT[ ]AT). We
now show (Figure 2) the PSD spectra of MALDI-
produced [M 1 H]1 ions of the same sequences (no
fragmentation was detectable in the linear mode). The
nomenclature for the fragmentation of oligode-
oxynucleotides is that of McLuckey et al. [11], and the
fragments that are an and wN2n ions are shown in
Figure 1 for the cis–syn isomer as an example. Owing to
the symmetry of d(TATTAT), we cannot distinguish wn
from dn, or [an 2 base] from [zn 2 base] fragmenta-
tions. We will clear up the ambiguity in the latter part of
this article by using data from asymmetrical sequences.
Anticipating the outcome of that research, we are
designating the ions as wn and [an 2 base]. The PSD
spectra of MALDI-produced [M 1 H]1 ions gave frag-
mentation patterns very similar to those produced upon
high-energy collisional activation as seen in the previ-
ous study [20]. Although the nature of PSD and its
correspondence to high-energy or low-energy CAD
remains unsettled, we recently found that charge-re-
mote fragmentations, which are characteristic of high-
energy CAD, can be seen in a PSD mode [22]. For the
undamaged d(TATTAT), the most abundant fragment
ions are w4 and [a5 2 Ade]. A series of a ions, a2, a3, a4,
and a5, are formed, accompanying w3, w5, and [w3 2
Ade 2 H2O] ions, which contain the original 39 termi-
nus.
The PSD spectrum of d(TAT[6-4]TAT) is quite dis-
tinct, differing from that of the undamaged DNA be-
cause an a4 ion is predominant in the spectrum of the
former. The PSD spectrum of d(TAT[c,s]TAT), however,
is not distinct from that of the starting material. For the
TA* photoproducts, we see a high-abundance a5 ion for
d(TATT[ ]AT). For the isomeric d(T[ ]ATTAT), we see
an a2 ion. We offer explanations of these differences
later in this article.
The an ions are important indicators of modification
sites. An a2 ion, a high-abundance a4 ion, and an a5 ion
are produced from d(T[ ]ATTAT), d(TAT[6-4]TAT),
d(TATT[ ]AT), respectively. These an ions result from
cleavage of the 39 C–O bond on the 39 side of the
photoproducts. Loss of the base, which usually accom-
Figure 2. PSD spectra of MALDI-produced [M 1 H]1 ions of the
d(TATTAT) and its four photoproducts.
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panies production of an ions, cannot occur because the
base is bonded to the adjacent base.
We also obtained low-energy CAD spectra of electro-
spray-produced [M 1 H]1 ions of d(TATTAT) and its
four photoproducts (Figure 3). High-abundance a4 and
a5 ions form from d(TAT[6-4]TAT) and d(TATT[ ]AT),
respectively. We do not see, however, the a2 ion from
(T[ ]ATTAT), owing to the inability of the ion trap mass
spectrometer to store a product ion of a mass-to-charge
ratio that is approximately 30% or less than that of the
precursor ion. A product ion of mass-to-charge ratio
that is 30%, or slightly higher, than that of the precursor
ion can be stored but is detectable at lower sensitivity
than are high-mass product ions. The choice between
MALDI-PSD and ESI-MS/MS does not strongly depend
on the information content of product-ion mass spectra.
Both are equally informative; rather, other consider-
ations are more important, such as instrument availabil-
ity and need for separation coupled with the mass
spectrometry. Compared with the low-energy CAD
spectra, FAB-MS/MS on a sector instrument has poorer
sensitivity, but if sufficient sample is available, a spec-
trum of higher dynamic range in intensity and more
uniform sensitivity over the entire mass range can be
obtained.
Because the phosphate groups in the DNA backbone
carry negative charges, and MALDI and ESI in the
negative-ion mode are more tolerant of salt than in the
positive-ion mode, most studies of oligodeoxynucleoti-
des have been done in the negative-ion mode [9–13, 15,
16, 23]. We also studied the PSD of MALDI-produced
[M 2 H]2 ions and low-energy CAD of ESI-produced
[M 2 2H]22 ions (Table 1). The fragmentation path-
ways that give characteristic ions [e.g., a4 for d(TAT[6-
4]TAT) and a5 for d(TATT[ ]AT)] are nearly identical for
positive and negative precursor ions, although there are
differences in the low-mass region of the spectra. Dif-
ferent DNA photoproducts give distinct product-ion
spectra for both positive and negative ions.
Although we have not determined the sensitivities
quantitatively, MALDI-PSD and ESI-MS/MS are clearly
more sensitive than FAB-MS/MS for these materials.
Typically, we used 5–10 pmol to obtain MALDI-PSD
spectra and ;50 pmol to generate ESI-MS/MS data.
FAB-MS/MS, on the other hand, required approxi-
mately 10 nmol [20].
d(GTATTAT) and its Five Photoproducts
Owing to the symmetry of d(TATTAT), we could only
assign the major fragment ions as wn or dn, [an 2 base]
or [zn 2 base] ions in this and the previous study. To
resolve this ambiguity, we eliminated the symmetry by
using d(GTATTAT). As for d(TATTAT), the 254-nm
Figure 3. Low-energy CAD spectra of ESI-produced [M 1 H]1
ions of d(TATTAT) and its four photoproducts. The collision
energy was sufficient to fragment nearly completely the [M 1 H]1
ions (see Experimental).
Table 1. Relative abundances of fragment ions of MALDI-produced [M 2 H]2 ions and ESI-produced [M 2 2H]22 ions
w1 w2 w3 w4 w5
a2 2
Ade a2 a4
a5 2
Ade a5
M 2
Ade
d(TATTAT) MALDI-PSD ND* ND 5 100 ND ND ND ND 100 ND 20
ESI-MS/MS 20 ,5 10 30 15 ,5 ND ND 100 ND ND
d(TATT[ ]AT) MALDI-PSD ND ND 30 50 ND ND ND ND 10 100 ND
ESI-MS/MS 20 ND ,5 20 ,5 ,5 ND ND 10 100 ND
d(T[ ]ATTAT) MALDI-PSD ND ND 10 100 ND ND ND ND 50 ND 5
ESI-MS/MS 20 5 10 50 10 ND 15 5 100 5 ND
d(TAT[c,s]TAT) MALDI-PSD ND ND ND 85 ND ND ND 5 100 ND 5
ESI-MS/MS 20 5 ,5 50 15 5 ND ,5 100 5 ND
d(TAT[6-4]TAT) MALDI-PSD ND 10 ND 75 ND ND ND 100 80 ND 20
ESI-MS/MS 20 30 ND 50 15 10 ND 30 100 10 ND
*ND: not detectable.
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photolysis of d(GTATTAT) generated four major pho-
toproducts, d(GTAT[c,s]TAT), d(GTAT[6-4]TAT),
d(GT[ ]ATTAT), and d(GTATT[ ]AT), in comparable
yields to those for d(TATTAT). Those four photoprod-
ucts were cleanly separated from each other and from
the starting material by reverse-phase HPLC, and their
structures were confirmed by 1H-NMR. The structure
assignment of the [6-4] photoproduct is further con-
firmed by a long-wavelength absorbance maximum at
approximately 325 nm. The identities of the two TA*
photoproducts were confirmed by an acid-hydrolysis
fluorescence assay [24]. When a TA* photoproduct is
treated with 1 M HCl at 100 °C for 4 h, it is converted to
a product that fluoresces at ;375 nm upon 325-nm
excitation. The (6-4) photoproduct is not stable in sun-
light, but converts to its Dewar valence isomer via
absorption of light at its long wavelength absorption
band [25, 26]. Thus, in addition to the four photoprod-
ucts generated by direct irradiation with 254-nm light,
we generated the Dewar isomer by irradiating the (6-4)
photoproduct with ;325 nm light. The identity of the
Dewar isomer was confirmed by 1H-NMR, by the loss
of the 325 nm absorption band, and by MALDI-TOF
and ESI-MS, which showed that it had the same molec-
ular weight as the starting material.
The low-energy CAD spectra of ESI-produced [M 2
2H]22 ions of d(GTATTAT) and its three photoproducts
involving the two adjacent thymines, d(GTAT[c,s]TAT),
d(GTAT[6-4]TAT), and d(GTAT[Dewar]TAT), show un-
ambiguously that the major fragment ions are wn and
[an 2 base], not dn and [zn 2 base] ions (Figure 4). We
chose the [M 2 2H]22 ions as the precursor ions be-
cause their mass-to-charge ratio is in the middle of the
m/z range of the ion trap, and it is the most abundant
species among all the charge states. For fragment ions
bearing the original 39 end, w4 and w6
22 ions are highly
abundant, but the w1 ion is barely detectable owing to
the problem of storing and detecting low-mass product
ions in the ion trap, as we discussed earlier. Although
w2, w3, and w5 ions are not formed for the starting
material, a [w5 2 Ade 2 H2O] ion, which is rarely
observed in the fragmentation of oligodeoxynucleotides,
does form from the precursor and photoproducts. The
pathway to the [w5 2 Ade 2 H2O] ion seems to be
similar to that for water loss following expulsion of a
neutral base, a process that was reported for the tandem
mass spectrometry of 29-monodeoxynucleoside 59-
monophosphates in an ion trap [27]. For the fragment
ions bearing the original 59 end, [a3 2 Ade] and [a6 2
Ade] ions are predominant. As for d(TATTAT) and its
[c,s] isomer, low-energy collisional activation of d(G-
TAT[c,s]TAT) does not cause significantly different
fragmentations than those of the starting material. The
fragmentation of d(GTAT[6-4]TAT) and d(GAT[Dewar]
TAT) give a5 and w2 ions, whose abundances distin-
guish the photoproducts from the starting material.
Because both ions are produced upon cleavage of the 39
C–O bond at the photoproduct site, they reveal the
location of the modifications. The a5 and w2 ions of the
[6-4] isomer are of higher abundance than those of the
[Dewar] isomer, allowing distinction of the two isomers
provided reference spectra are available.
On the basis of the above results, we can distinguish
the three isomers formed between the two adjacent
thymines from each other, and we can also distinguish
the [6-4] and [Dewar] isomers from the starting material
by low-energy CAD of ESI-produced [M 2 2H]22 ions.
We cannot distinguish, however, the [c,s] isomer from
the starting material by ESI-MS/MS alone. These points
are substantiated by a statistical argument described
later. To solve the latter problem, we used MS/MS/MS
(MS3) and selected the w4
2 ion as the precursor (Figure
5). A w4 ion of the undamaged d(GTATTAT) gives a w3
ion, whereas the w4 of the [c,s] isomer does not. The
reason we see no w3 ion in the MS
3 of the [c,s] isomer
is that its formation from the w4
2 precursor ion would
require the cleavage of both the 39 C–O bond of the
oligonucleotide backbone and the linkage connecting
the two bases, which is unlikely to happen. Note that
we see no w3 ion in the product-ion spectrum of the
starting material, whereas we do see it in the MS3
experiment. This difference may be because of the new,
free phosphate group at the 59 end of the precursor ion
(w4
2), which is the intermediate in the MS3 experiment.
Figure 4. Low-energy CAD spectra of ESI-produced [M 2 2H]22
ions of d(GTATTAT), d(GTAT[c,s]TAT), d(GTAT[6-4]TAT), and
d(GTAT[Dewar]TAT).
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The low-energy CAD spectra of electrospray-produced
[M 2 2H]22 ions of the two TA* adducts, d(GT[ ]ATTAT)
and d(GTATT[ ]AT) (Figure 6) are quite different from
each other, from the starting material, and from the
isomers formed at TT sites. Collisional activation of
d(GT[ ]ATTAT) gives rise to an abundant a3, but little
[a3 2 Ade] and [w5 2 Ade 2 H2O]. Collisional activa-
tion of d(GTATT[ ]AT) gives a6 and [w5 2 H2O], but
little [a6 2 Ade] and [w5 2 Ade 2 H2O]. Production of
the an ions reveals the location of the modification sites,
just as for the photoproducts of d(TATTAT).
The PSD of MALDI-produced [M 2 H]2 ions of
d(GTATTAT) and its five isomers are distinctive (Table
2), as are the CAD of ESI-produced ions. Comparing the
three photoproducts formed between the two adjacent
thymines, we see that the [6-4] photoproduct again
gives an abundant a5 ion, the [Dewar] isomer produces
this ion at medium abundance, and the [c,s] isomer has
a product-ion spectrum that is similar to that of the
starting material. For the two TA* photoproducts,
MALDI-PSD of d(GTATT[ ]AT) produces an abundant
a6 ion, but the lack of adequate sensitivity at low
mass prevented detection of the expected a3 ion from
d(GT[ ]ATAT).
We wished to compare the fragmentations of oli-
godeoxynucleotides in the negative-ion mode with
those in the positive-ion mode. Therefore, we studied
the PSD of MALDI-produced [M 1 H]1 ions and low-
energy CAD of ESI-produced [M 1 2H]21 ions. The
product-ion spectra of ESI-produced [M 1 2H]21 ions
of d(GTATTAT), d(GTATT[ ]AT), and d(GTAT[6-
4]TAT) are simpler than those of ESI-produced [M 2
2H]22 ions (Figure 7). Neither [a6 2 Ade] nor [a3 2
Ade] are produced, whereas these two ions are formed
abundantly from [M 2 2H]22. The [6-4] adduct still
fragments to give the diagnostic a5 ion, allowing one to
determine the site and type of modification for this
isomer. Low-energy collisional activation of ESI-pro-
duced [M 1 2H]21 ions of d(GTATT[ ]AT) produces
[M 2 Ade], w6, [w5 2 Ade], [w5 2 Ade 2 H2O], and
w4 ions. The diagnostic a6 ion does not form from the
positive precursor, preventing determination of the site
of modification, whereas the a5 from d(GTAT[6-4] TAT)
does, PSD of MALDI-produced [M 1 H]1 causes sim-
ilar fragmentations to occur (data not shown). Because
the charge sites are likely to be protonated nucleic acid
bases in the [M 1 nH]n1 ions rather than a protonated
phosphate backbone, we expect that, for certain se-
quences, the fragmentation pathways would be differ-
ent for positive than negative ions. For the latter, the
charge site is likely to be a deprotonated phosphate.
Application of Fragmentation Mechanism to
Structure Determination
The first step in the fragmentation of oligodeoxynucle-
otide anions involves the loss of a base followed by
cleavage of a 39 C–O bond. The base could be lost either
as an anion or as a neutral species [10]. From a study of
T-rich oligodeoxynucleotides, we found that the fa-
vored cleavage sites are the 39 side of the nucleotides,
except for thymine, and proposed a new mechanism for
the formation of the [an 2 base] ions [23]. The ease of
formation of the [an 2 base] ions depends not only on
the availability of a proton on the phosphate at the 59
side of the base to be lost but also on the gas-phase
basicity of the nucleobases [23]. The relative gas-phase
basicities of nucleosides are dG . dA, dC .. dT, as was
determined by the kinetic method [28]. The gas-phase
basicities of all possible protonation sites in methylated
uracil, cytosine, adenine, and guanine were also theo-
retically predicted by the MP2/6-311 (2d, 2p) method
Figure 5. MS3 of d(GTATTAT) and d(GTAT)[c,s]TAT) with w4
ion selected as the precursor ion.
Figure 6. Low-energy CAD spectra of ESI-produced [M 2 2H]22
ions of d(GT[ ]ATTAT) and d(GTATT[ ]AT).
334 WANG ET AL. J Am Soc Mass Spectrom 1999, 10, 329–338
based on HF/6-31G(d) geometries [29]. The proton
affinities for the most basic sites are 982.8 kJ/mol for O2
of 1-methycytosine, 980.5 kJ/mol for N7 of 9-methyl-
guanine, 961.3 kJ/mol for N1 of 9-methyladenine, and
891.5 kJ/mol for O4 of 1-methyluracil [27]. Although we
do not see [an 2 Thy] ion for d(TATTAT) and d(GTAT
TAT) and their photoproducts, because thymine has the
lowest proton affinity of the four bases, we do expect to
observe [an 2 Ade] except when adenine is photochem-
ically linked to the adjacent thymine. In this case, we
expect [an 2 Ade] to be replaced by an an ion. In the
low-energy CAD spectra of two TA* photoadducts, we
do see the a3 ion for d(GT[ ]ATTAT) and the a6 ion for
d(GTATT[ ]AT) and no corresponding [an 2 Ade],
where n 5 3 or 6, respectively. Because the TA* photo-
product retains the imidazole ring of adenine, the
proton affinity of the adenine part of TA* does not
change significantly upon modification.
The pyrimidine–pyrimidone (6-4) photoadduct can
undergo facile protonation at the carbonyl of the
pyrimidone ring followed by the cleavage of the glyco-
sidic bond to give an aromatic species (Scheme 1). The
gas-phase proton affinity of the 39-side thymine of the
photoadduct (a pyrimidone ring) should be similar to
that of cytosine, accounting for the a5 ion that forms
from d(GTAT[6-4]TAT). Formation of the [c,s] isomer is
not expected to affect significantly the gas-phase proton
affinity of the thymine; thus, introduction of this moiety
into the oligodeoxynucleotide does not change the
fragmentation pathways, and the [c,s] isomer frag-
ments like the starting material. For the Dewar isomer,
we suggest the proton affinity of the 39-side thymine
moiety probably does increase compared to thymine,
but remains less than that of the [6-4] photoproduct;
thus, the a5 ion is of medium abundance for the [Dewar]
photoproduct.
The mechanism for the formation of an ions, using
the ESI-produced [M 2 2H]22 ion of d(GTAT[6-4]TAT)
as a example (Scheme 1), is similar to that for the
formation of [an 2 base] ions in an unmodified oligode-
oxynucleotide [23]. The only difference is that the base
is not lost, remaining linked to the adjacent base. The
mechanism for the fragmentation of the positive ions
(Scheme 2, again using d(GTAT[6-4]TAT) as an exam-
ple) no longer has a requirement that a proton be
available for transferring from the phosphate on the 59
side. Instead the additional proton that charges the
molecule is located, in part, on the base and causes a
charge-driven glycosidic bond cleavage to produce an
oxonium ion. This is likely to be the reason why a
high-abundance a2 ion is produced in the fragmentation
of MALDI-produced [M 1 H]1 ion of d(T[ ]ATTAT),
whereas the [a2 2 base] ion is usually not detectable in
the fragmentation of negative ions of oligodeoxynucle-
otides [23].
Because the photoproducts and the starting material
are isomers, the product-ion spectra of the photoprod-
ucts do not reveal sites of modification based on any
mass shift for certain sequence ions [10, 14]. Instead we
can determine the location of photoproducts by the
absence of certain ions that are seen in the product-ion
spectra of the starting oligodeoxynucleotides. The bind-
ing between adjacent bases makes formation of [w5 2
Ade 2 H2O] and [a3 2 base] ions difficult for d(GT[ ]
ATTAT), because A3 (bases are numbered from the 59
end) is now linked to T2, and formation of [a6 2 Ade]
Figure 7. Low-energy CAD spectra of ESI-produced [M 1 2H]21
ions of d(GTATTAT), d(GTATT[ ]AT), and d(GTAT[6-4]TAT).
Table 2. Relative abundances of fragment ions of MALDI-produced [M 2 H]2 ions
Compounds w4 w5 w5 2 H2O w5 2 Ade 2 H2O w6 a5 a6 2 Ade a6 M 2 Gua
d(GTATTAT) 80 25 20 25 100 15 90 ND 90
d(GTAT[c,s]TAT) 70 10 5 30 100 10 30 ND 50
d(GTAT[6-4]TAT) 65 5 5 20 100 100 55 ND 80
d(GTAT[Dewar]TAT) 65 10 5 30 100 25 50 ND 90
d(GTATT[ ]AT) 35 10 30 ND 100 35 15 75 40
d(GT[ ]ATTAT) 100 ND ND ND 75 15 25 ND 25
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difficult for d(GTATT[ ]AT) because the A6 is linked to
T5. Furthermore, the formation of the photoproducts
can also alter the fragmentation pathways to produce
new ions. In the product-ion spectra of d(GTAT[6-
4]TAT) and the [Dewar] isomers, two new ions, a5 and
w2, form. For d(GT[ ]ATTAT) and d(GTATT[ ]AT), we
see an a3 and an a6 ion, respectively. For all the
photoproducts, except the [c,s], that we studied so far,
the pattern of an ions reflects the site of photomodifica-
tion. To establish more convincingly the generality of
these rules, we studied photoproducts of two other
oligodeoxynucleotide sequences.
d(AATTAA) and d(AAT[6-4]TAA)
After photolysis of d(AATTAA), reverse-phase HPLC
showed the formation of several photoproducts, one of
which was d(AAT[6-4]TAA) [30]. The PSD spectrum of
MALDI-produced [M 1 H]1 ions of d(AATTAA) shows
that abundant fragments are w4, w5, [M 2 Ade] and
[a5 2 Ade] ions (relative abundances are between 30%
and 100%). In the spectrum of d(AAT[6-4]TAA), these ions
are again produced but at lower relative abundances,
which are between 5% and 25%. Most importantly is the
predominant a4 ion in the CAD spectrum of the [6-4]
photoproduct, which demonstrates again that MALDI-
PSD can distinguish the (6-4) photoproduct from the
starting material and locate the modification site between
T3 and T4. PSD of MALDI-produced [M 2 H]2 ions
and low-energy CAD of ESI-produced [M 2 2H]22 and
[M 1 H]1 ions gave similar results (data not shown).
d(GGCTATAA) and its Two TA* Photoproducts
Oligodeoxynucleotide d(GGCTATAA) is part of the
TATA box of the Adenovirus major promoter, which is
necessary for transcription, and has two adjacent TA
sites in the sequence. Because the photochemistry of a
TATA box sequence has not been reported before, we
present the HPLC chromatogram (Figure 8), which
shows that there are three major photoproduct peaks.
The yields are 18%, 13%, and 16% for the products in
order of their elution. The first chromatographic peak
corresponds to two components. One is a TA* photo-
product, and the other is a hydrated material, which we
assign to be an AAA photoproduct [31]. This assign-
ment is consistent with the results of phosphodiesterase
digestion and MALDI-PSD. The second and the third
chromatographic peaks correspond to another TA* pho-
toproduct and an unknown isomer, respectively. The
identity of the latter is still under investigation. The two
TA* photoproducts were subjected to further mass
spectrometric study.
Both MALDI-PSD (Figure 9) and ESI-MS/MS (data
not shown) showed a characteristic a5 ion for d(GGCT
[ ]ATAA) but no detectable [a5 2 Ade] ion, and a
characteristic a7 ion for d(GGCTAT[ ]AA) but no detect-
able [a7 2 Ade] ion. The photolinkage between A5 and
T4 in d(GGCT[ ]ATAA) allows the a5 ion to form but
prevents, as expected, the formation of the [a5 2 Ade]
ion. The linkage between A7 and T6 in d(GGCTAT
[ ]AA) similarly allows formation of a7 but prevents
that of [a7 2 Ade].
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Statistical Comparison of Spectra
An important goal in this research was to be able to
distinguish the various isomeric photoproducts. For
certain isomers, this is relatively easy because charac-
teristic an ions formed. In other cases, the spectra of
isomers are qualitatively the same but differ only in
relative abundances. For example, to distinguish the
Dewar and the [6-4] photoproduct based on the abun-
dances of the a5 ion, the reproducibility of the spectra is
a very important criterion for comparison. We will use
the similarity index method, which was developed as a
statistical treatment to assess the similarity of two
high-energy product-ion spectra [32] to evaluate the
reproducibility and the ability to distinguish closely
related spectra. To apply the method to low-energy
CAD spectra, however, the collision energy must be
similar. The calculation of similarity indices was done
by using eq 1:
SI 5 ÎO$@~i 2 i0!/i0# 3 100%2
N
(1)
where (i 2 i0) is the difference in relative intensities of
signals at one mass-to-charge ratio for the two spectra
that are being compared and N is the number of mass
peaks used for calculation [32]. The averaged similarity
index of three MALDI-PSD spectra of d(GTATTAT) is
70, where N 5 5 (m/z 1242, 1402, 1651, 1859, 1958), and
that between the starting material and the [c,s] isomer
is 55, whereas the averaged similarity index between
the [6-4] and Dewar isomers is 250, which was calcu-
lated at N 5 6 (m/z 1242, 1402, 1474, 1651, 1859, 1958).
Similar calculations of the CAD spectra of ESI-produced
ions showed that the averaged SI for three spectra of
d(GTATTAT) is 70, where N 5 6 (m/z 730, 825, 929,
1242, 1402, 1651), and that between the starting material
and the [c,s] isomer is 105, whereas the averaged
similarity index between the [6-4] and Dewar isomer is
260, which were calculated at N 5 8 (m/z 634, 730, 825,
929, 1242, 1402, 1474, 1651). The similarity index ob-
tained in a comparison of spectra of the starting mate-
rial is a measure of reproducibility and is relatively
large. This may be the case because comparisons were
made over long time periods (periods of months). The
[6-4] and Dewar isomer can be clearly distinguished
from each other, whereas the [c,s] isomer cannot be
distinguished from the starting material, either by
MALDI-PSD or ESI-MS/MS.
Conclusion
Both PSD of MALDI-produced ions and low-energy
CAD of ESI-produced ions give distinctive product-ion
spectra for sets of oligodeoxynucleotide photoproducts,
allowing one to determine the sites and types of mod-
ifications caused by photodamage. The spectra are
similar to previously reported high-energy CAD spec-
tra of d(TATTAT), but this more extensive study re-
moves any ambiguity in assigning product ions and
adds confidence to our hypothesis that tandem mass
spectrometry can be used to distinguish isomers in this
area. Low-energy collisional activation and MALDI-
PSD offer higher sensitivity, but high-energy CAD
Figure 8. HPLC traces for the separation of the photolysis
products of d(GGCTATAA).
Figure 9. PSD spectra of MALDI-produced [M 2 H]2 ions of
d(GGCTATAA), d(GGCT[ ]ATAA), and d(GGCTAT[ ]AA).
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spectra have better spectral dynamic range and more
uniform sensitivity to low-mass product ions.
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